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A R T I C L E I N F O

A B S T R A C T
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Pinch analysis is a methodology for minimizing energy and mass consumption in different industries. It has been
widely applied for more efficient processes. This study presents a new graphical-approach to analyze and design
Mass Integration (MI) and exchange networks that follows Pinch principles to guarantee maximum mass re
covery with minimum losses. This technique uses the composition driving forces in network representation as it
rules the mass transfer between streams. The proposed approach can be applied on both existing mass networks
as well as new ones. This graphical representation a visual descriptive design tool to describe and explain the
details of operations with minimum calculations. Besides, it is found to be valuable for conceptual applications
on linear dilute systems. The performance of mass-exchange networks is evaluated and suggested improvements
can be recommended in terms of composition driving forces inside mass exchangers. In this approach, the x-axis
represents the equivalent lean stream compositions, whilst the y-axis represents the difference in compositions
for each stream in the exchanger. Pinch Analysis principles are embedded within the graphical representation. A
scrap-tires-to-fuel plant case study was considered for the application of the new approach. The plant was
designed with Mass Integration targets in consideration. Optimum matches were selected based on maximum
driving force, minimum flow and minimum cost. In general, this approach can help synthesize mass networks,
whilst maintaining maximum driving force - and thus minimum equipment size and minimum flow.

Abbreviations
b, c
linearization constant or intercept
∆C
Driving force
∆Clean end Lean end driving force
∆Cmin
Minimum driving force
∆Crich end Rich end driving force
∆M
Mass load transferred within the exchanger
CDF
Composition Driving Force
EMSA
External mass separating agent
ε
Minimum allowable composition difference
G
Rich stream flow rate
L
Lean stream flow rate
m
Equilibrium dependency constant
MEN
Mass Exchange Network
HEN
Heat Exchange Network

MSA
NTP
Ri
Sj
S
x
xequ.j
xequ.jmax
xin
eqv
xout
eqv
xsupply
eqv
xtarget
eqv
xf
yi
yimin
ysupply

Mass Separating Agent
Number of Theoretical Plates
Rich stream
Lean stream
Slope of exchanger line
Lean stream composition
Given equivalent lean stream composition
Maximum achievable lean stream composition
Inlet equivalent lean stream composition
Exit equivalent lean stream composition
Supply equivalent lean stream composition
Target equivalent lean stream composition
Feasible lean stream composition
Rich stream composition
Minimum composition of the rich Stream
Supply rich stream composition
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Target rich stream composition

mathematical approach relied on optimizing a network hyper
structure having many mass exchange alternatives using MINLP
to the MENs problem. By this approach, optimization can be done
in a single automated step. Szitkai et al. (2006) formulated a
MINLP model for single-component mass exchange network
synthesis problems. Their optimization model was extended for
multi-component problems by introducing non-linear con
straints. Chen and Hung (2005) developed a mathematical pro
gramming approach to design mass exchange networks for waste
minimization. Their approach based on the e stage-wise super
structure representation of the MENs, as well as, the simillar
analogous introduced for HEN design. However, Chen and Hung
(2007) proposed a simple strategy to synthesize flexible networks
(HEN or MEN) for expected disturbance range in the flow rates
and temperatures or compositions. Liu et al. (2013a,L. b) intro
duced a systematic technique for the simultaneous synthesis of
mass and heat exchange networks. Their work focused on syn
thesis of MEN for multiple components and complex applications
using mathematical programming and optimization techniques.
Velázquez-Guevara et al. (2018) in their work presented a MINLP
model for the synthesis of mass exchange networks based on a
superstructure represented with disjunctions. Isafiade and Short
(2019) developed a mathematical model for systematic integra
tion and synthesis of combined heat, mass, and regeneration
exchange

1. Introduction
The environmental standards and regulations that control the
streams’ contaminants as well as the industrial emissions released from
different processes are now of great concern. Since mass and heat re
sources are vanishing soon, researchers had to develop sustainable de
signs for both mass and heat recovery. The Efficient utilization and
recovery of the waste streams lead to natural resources conservation and
economic improvements.
The chemical process industries’ existence and continuity are nonnegotiable and irreplaceable. Having considered their impact and
reflection on the environment and the ecological systems, lead to think
about developing sustainable designs and proper conceptual method
ologies. Consequently, this will decrease the progressive polluting
threats and reduce the rational use of natural resources. The design
problem from this perspective delivers streams carrying contaminants
required to be treated prior to discharge for cleaner production. The
design techniques serving these main objectives are so powerful and
competitive tools. The most important and promising of them all is the
synthesis of mass-exchange networks as introduced by El-Halwagi and
Manousiouthakis (1990a,M.M. b) applying the remarkable Pinch Anal
ysis principles that were originally developed for energy integration by
Linnhoff (1982).
The objective of MENs as defined by El-Halwagi (2012) is to syn
thesize an effective network consisting of several mass-exchange units
favoring the transfer of a certain component from the rich streams to the
process lean streams (MSAs). The mass exchanger implies an intimate
direct contact between the two streams to selectively remove a certain
targeted species. The realm of the mass exchange includes all mass
transfer operations i.e.: Absorption, Adsorption, Extraction, Ion ex
change, Leaching, and Stripping (Smith, 2005). However, rich stream
could be any waste or product stream, while lean stream might be a
solvent, an adsorbent, a stripping agent, an ion-exchange resin. These
streams (MSAs) could be provided by the process itself, or required as
external utilities (El-Halwagi, 2012). Mass-exchange networks synthe
sizing techniques are divided into three main categories:

networks with solar thermal. They developed a composite super
structure, which comprises the stage-wise superstructure for the
synthesis of the heat exchanger network subsystem, primary mass
exchanger network subsystem, regeneration subsystem and inte
grated solar thermal with periodic heat storage. Hou et al. (2020)
demonstrated that the integral function can solve a series of MEN
synthesis problems involving stage columns to obtain a more accu
rate design scheme for MENs and a structure with lower TAC.
(1) The hybrid strategies are either combine two or more of the above
mentioned categories or integrate two different design ap
proaches to solve and design the mass networks. M.M. El-Hal
wagi and Manousiouthakis (1990b) dealt with the design
problem in two stages; the first is a mixed-integer non-linear
program to minimize the cost of mass-separating agents, provides
the Pinch points’ location and the optimal flow rates of all lean
streams, the second is a mixed-integer linear program to mini
mize the number of exchangers. Isafiade and Fraser (2008) the
superstructure composition interval approach introduced by the
authors handled the mixing of split streams at equal composi
tions, hence they excluded the mixing equations in their model. A
new programming model to resolve mass or heat exchange net
works using input temperatures/ compositions of streams was
originally proposed by Azeez et al. (2013). Short et al. (2018)
improved the simplified MINLP model by including a detailed
individual packed column design in a non-linear programming
(NLP) sub-optimization step, where orthogonal collocation is
utilized for the partial differential equations, and optimal packing
size, column diameter, column height, pressure drops, and fluid
velocities.

(1) The insight-based Pinch and graphical approaches: Wang and
Smith (1994) improved the mass Pinch concept for water mini
mization case study without any MSA, except for one external
MSA (i.e. water) as the separating agent replacing the composi
tion scale of y value by MSA limiting composition scale. Hallale
and Fraser (2000a,N. b,c,d) founded their work on the principles
introduced by El-Halwagi and Manousiouthakis (1990a,M.M. b)
taking into consideration the capital cost targets. They applied
several mass transfer operations to reduce pollutants and wastes
in gold solvent extraction processes by 40%. The design for both
packed and stage columns were further detailed and comprised
by the same researchers. They used simple cost correlation and
after that they used more rigorous cost correlation. Gadalla
(2015) implied the Pinch Analysis Principles (Linnhoff and
Flower, 1978) with the compositions in both rich and lean
streams to solve the Mass Integration problems with minimum
use of external utilities. Yanwarizal et al. (2020), presented a new
graphical approach for simultaneous MEN targeting and network
design to overcome limitations of composite curves and grand
composite by plotting the stream composition versus mass load
(SCMP).
(2) The mathematical-based optimization models was delivered by
different researchers; Papalexandri et al. (1994) developed a
multi-period mixed integer nonlinear programming (MINLP)
model to synthesize mass and heat networks. They targeted the
total annual cost minimization by balancing the capital invest
ment cost to operating cost. Their new simultaneous

Nevertheless, some other groups of researchers focused their
research on a particular targeted component like: hydrogen and
wastewater streams. Hallale and Liu (2001) dedicated their work for
hydrogen as a utility to produce low-sulfur clean fuels. The authors were
concerned about the importance of hydrogen networks in refineries and
petrochemical plants, so that they developed a mathematical model for
its production. Similarly, Hallale and Fraser (1998) devoted their work
on water, involving the Pinch Analysis principles originally developed
for Energy Integration (e.g. Linnhoff, 1982), to estimate the capital cost
95
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targets for water networks.
El-Halwagi (2012) and Klemeš et al. (2013) provided an overall
detailed review of Mass Integration and reported the updated research
outputs on developing MENs and analysis. Recently, Klemeš et al. (2018)
published a review paper for the latest and continuing developments of
the Pinch Methodology. The authors reported applications in the liter
ature range for energy, process and power integration.
The principles of Pinch Analysis (Smith, 2005) were introduced and
embedded within the research of El-Halwagi and Manousiouthakis
(1990a) to set up the fundamentals of Mass Integration problem. The
first graphical conceptual design tool, originally delivered by El-Hal
wagi and Manousiouthakis (1989), is the Pinch diagram. As defined by
the authors, the Pinch diagram is "a holistic graphical approach for
targeting and synthesizing MENs by creating a global representation for
both rich and lean streams". The vertical scale on this diagram is relative,
i.e. any stream can be shifted up or down on the diagram maintaining
same vertical distance between head and tail of the composites.
Following the design rules established by the authors guarantees
maximum Mass Integration between process streams and minimum
loads from the external MSAs. The same group of researchers was the
first to introduce the term that defines the minimum allowable
composition difference, ε. Based on their study; the optimal value of this
term is being selected based on the results interpretation on the Pinch
diagram. Later, Fraser et al. (2005) constructed the grand composite
curve (GCC) to design the mass –exchange networks to target the opti
mum external separating agent among alternatives being proposed. The
principles introduced through different analogies and contributions in
heat exchanging networks, originated by Linnhoff and Hindmarsh
(1983), were applied by the authors to set the foundation of their work.
Gadalla (2015) presented a graphical-based approach to design and
analyze the performance of MENs. The proposed plot relates the
composition of a certain component in the rich stream to its equivalent
lean stream composition (xeqv.). The expression of the equivalent lean
composition introduced by the author, combines the normal operating
composition (x), the equilibrium dependency constant (m) and the
minimum allowable composition difference (based on lean phase, ε) as
originally introduced by El-Halwagi (1997). The graphical demonstra
tion of this term, leads to a global representation of the mass exchange
unit that allows all the streams involved within the process to be plotted
on a common-basis scale.
The current work presents a new graphical methodology relating the
difference in compositions of the targeted material in rich stream (y) and
equivalent lean stream (xeqv.) versus its composition in the equivalent
lean phase (xeqv.). The new composition driving force (CDF) plot de
scribes the Mass Integration problem in new axes to synthesize, analyze
and evaluate the performance of MENs through datum lines and other
design limitations as will be discussed later. This approach provides the
designer a visual feature to analyze and design the network, which will
facilitate the user interaction to easily identify the process bottlenecks.
As well as, it addresses the limitations for simultaneous targeting and
network design of MEN. The novel approach will graphically map
continuous individual rich and lean streams to target minimum MSA,
locate Pinch point and design the network simultaneously to achieve
mass targets.

Fig. 1. Equilibrium, operating and feasible lines representations.

straight line with a slope related to the mass flows of both rich and lean
streams and length proportional to the mass load transferred within the
exchanger. The new plot is divided into five design regions. The prin
ciples of Pinch Analysis are used to analyze and optimally locate mass
exchangers.
The new CDF graphical approach for mass exchanger networks de
scribes the mass exchange problem on a graph between the difference in
composition of species in the rich and lean streams and the equivalent
composition in the lean streams. It must be noted that the graphical
approach relies on the targets obtained previously by Pinch Analysis
application. This is considered as a limitation of the work and this is to
be addressed in some current research work as extension of this
research. Moreover, prior to describing the new approach, two basic
relations and two independent terms involved in the plot are introduced.
The first relation is one of the main relations in mass transfer oper
ations, which is the equilibrium relation. This relation is very specific to
each system in particular i.e. it will vary by varying the components
and/or system conditions (Treybal, 1981). However, once this relation is
specified, the equilibrium line between both rich and lean compositions
can be plotted. The equilibrium line represents the absolute thermody
namic driving force. To reach an equilibrium composition, infinitely
large mass exchangers will be required, hence infinite number of stages.
The physical significance of this line is that the maximum lean stream
composition exiting from a plate/stage is to satisfy the equilibrium
relation with the exiting rich stream composition as in Fig. 1. In other
words, this line implies a mass driving force between y and x that will be
equal to zero. This datum line is of great importance in determining the
MEN bottlenecks. However, the second relation represents the operating
relation between both streams and it can be obtained by a simple mass
balance on the mass exchanger unit and shown in Fig. 1.
In the new graphical approach, the number of equilibrium lines will
be equal to the number of lean streams in the process as will be pre
sented later. However, the operating line should have a positive driving
force with respect to the equilibrium line. The minimum driving force
between the equilibrium line and the operating line is defined as mini
mum allowable composition difference, ε. However, the graphical rep
resentation can be still employed to optimize the minimum allowable
composition difference by assuming different values and the total cost of
utilities and equipment are to be estimated. Then, an optimum value is
to be determined although; this is beyond the content of the current
research.
After setting the line that represents the least driving force between
the two lines, a line known as the feasible line, is drawn parallel to the
equilibrium line with a constant ε all along as plotted in Fig. 1. This il
lustrates all the points in MENs that will have the same compositions as
the rich streams and their equivalent compositions in lean streams. The

1.1. Composition driving force (CDF) graphical representation – New
concept
The composition driving forces are the main driver that will rule the
transfer of the target materials from richer to leaner streams. Addi
tionally, postulating the number of theoretical plates will depend mainly
on it. Considering the composition driving force is related to estimates of
total cost. Such considerations will also be beneficial in screening
matches; however, it cannot be used for targeting. Moreover, the
composition driving force graphical approach is valuable in sizing mass
exchanger equipment. Each mass exchanging unit is represented as a
96
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inlet of the exchanger unit, the second shows the equivalent lean com
positions and the third shows the rich streams compositions passing
through. The driving force encountered in a certain mass exchange unit
is divided into two main parts:
■ The rich end driving force (ΔCrich end), represents the difference
between the target lean composition (xtarget
eqv ) and the supply rich
composition (ysupply).
■ The lean end driving force (ΔClean end), represents the difference
between the supply lean composition (xsupply
eqv ) and the target rich
composition (ytarget).
Equilibrium and feasible lines on CDF
The previous section presented the physical significance of the
equilibrium and feasible lines. Moreover, these two datum lines repre
sentations specify the stepping off of the equilibrium stages. Thus their
demonstration on the new graphical approach is of vast value as they
imply the mass driving force encountered within rich and lean streams.
To represent the modified equilibrium line derivation on the new
graphical approach the following equations are used:

Fig. 2. Graphical representations of the main lines in CDF graphical approach.

feasible line itself implies the maximum equivalent composition of
operated lean stream (xeqvj max) with a rich stream (yi). Further, the
feasible line identifies yimin (minimum rich stream composition) that is
able to exchange mass to lean stream (xeqv.j).
The main relations influencing the new graphical approach are
established, so that two extra terms are defined to be involved. The first
term is the equivalent lean stream composition (xeqv.) which describes
the composition in the lean stream (x) in operation with the rich stream
composition added to the minimum allowable composition difference
(ε) all multiplied by the equilibrium dependency constant (m) as
expressed in Eq. (1). The optimal value of ε employed in this plot is
considered as a previously known variable that is estimated externally.
This term (equivalent lean stream composition) is plotted on the x-axis.
xeqv = m(x + ε) + b

(3)

xeqv. − − mε = mx + b

(4)

From Eq. (3) and Eq. (4),
y = xeqv. − − mε

(5)

ΔC = − mε

(6)

According to Eq. (6), generally ΔC seems to be negative. However
this condition corresponds to the absolute thermodynamic driving force.
On the other hand, when ΔC = 0, this is the condition where the absolute
driving force is equal to mε. These two conditions are significant in
determining the size of mass exchanger equipment. Therefore, the
equilibrium line is plotted on the CDF graph by extending a horizontal
line starting from ΔC = -mε, as shown in Fig. 2 This represents the
minimum driving force between both streams (ΔCmin.).
However, the feasible line equation is also derived to be plotted on
CDF graph as follows:

(1)

On the other hand, the second new term represents the difference in
composition between the rich stream composition (y) and the equivalent
lean stream composition (xeqv.), i.e.: composition driving force (CDF).
This term is symbolized as ΔC and drawn on the y-axis on the new CDF
graph. Thus, the composition driving force (ΔC) is defined in Eq. (2) as
follows:
ΔC = y − xeqv

y = mx + b

(2)

2. Methodology

y = mxf + c

(7)

c = mε + b

(8)

Substituting in Eq. (7), using Eq. (4)
y = xeqv. − mε − b + c

2.1. Mass integration analysis and network design based on CDF plot

(9)

From the above equations, the feasible line is plotted as in Eq. (10) &
(11).

Rich and lean streams representation
The axes developing the new graphical approach are now defined;
both the rich and lean stream compositions are to be expressed as in
Fig. 2. The lean stream lines are generally plotted as vertical straight
lines (blue lines) starting from xeqv. on the x-axis, while the rich stream
lines are plotted as 45◦ inclined straight lines (red lines) with slopes
equal to − 1 and intercepts at y as shown in Fig. 2. The rich stream lines
start from ΔC = y on the y-axis that corresponds to xeqv. = zero and end
at y = xeqv. on the x-axis that corresponds to (ΔC = zero) as shown
below. Moreover, the rich and lean Pinch compositions are previously
determined analytically or graphically from Pinch diagrams or com
posite curves and dragged onto the new plot. The rich Pinch composition
is drawn parallel to the rich streams, and similarly the lean Pinch
composition is drawn parallel to the lean streams.
For any given Mass Integration analysis problem, Fig. 2 depicts the
composition driving forces in exchanger units versus the equivalent lean
streams compositions flowing through these exchangers. The graphical
nature of CDF plot describes the mass networks via three dimensions: the
first coordinate shows the composition driving force across the exit or

y = xeqv.

(10)

ΔC = 0

(11)

Therefore, the feasible line is plotted on the CDF graph by extending
a horizontal line starting from ΔC = 0. Hence, the feasible line will
coincide on the x-axis as presented in Fig. 2.
It is suitable to analyze the problem of a given MEN using the Pinch
Analysis principles based on the above relations, terms and datum lines
for the new graphical representation. Therefore, the characteristics of
the new graph are summarized below:
1 The lean streams are demonstrated as vertical lines starting at xeqv.
on the x-axis, while the rich streams are demonstrated as inclined
lines (45ᵒ).
2 The lean Pinch composition is drawn as a vertical line at xeqv.= xeqv.
pinch.
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- Region 2 – “Above rich/below lean”: mass is transferred across the
Pinch. Mass Integration here is still possible; however it invades
Pinch Analysis principles (El-Halwagi, 2012) and (Smith, 2005).
Exchangers’ matches within region 2 imply less mass transfer effi
ciency and poor MEN design. Consequently, large amounts of
external MSAs are required for the same mass load transfer.
- Region 3 – “Above Pinch”: in this region, mass must only be inte
grated between rich streams and process lean streams above the
Pinch. Additionally, any surplus load capacity in the process MSAs
are to be discarded to atmosphere as disposals.
- Region 4 – “Below rich/above lean”: as in region 2, mass is trans
ferred across the Pinch. Mass Integration within this region violates
Pinch Analysis principles. The design matches across the Pinch
encounter mass losses within the exchanger unit. Hence, transfer
operations in this area should be excluded to maximize the mass
transfer efficiency and this is considered as main objective while
retrofitting existing MENs.
- Region 5 – “Below ΔCmin”: mass exchangers matches exist in this
region are infeasible; as this line depicts the absolute thermodynamic
driving force (maximum theoretical achievable lean composition).

Fig. 3. Characteristic regions useful for MENs design.

Thus, to design a mass exchanger network that is able to reach the
maximum mass recovery and meet the mass targets, exchanger matches
must only be synthesized within region 1 and 3. On the other hand, it is
possible in current MENs that mass is transferred in the region 2 or 4 i.e.:
through the Pinch but this definitely will incur non-optimal feasible
design of mass networks.

3 The rich Pinch composition is drawn as a 45◦ inclined line con
necting points (0, ypinch) and (ypinch, 0).
4 All rich streams are parallel to the rich Pinch line, and similarly for
lean streams.
5 ΔCmin. represents the equilibrium line and plotted as a horizontal line
starting at ΔCmin.= -mε.
6 The shaded area in Fig. 2 represents the mass transfer area between
rich and lean streams. The rich stream is illustrated by two parallel
inclined lines expressing its supply and target composition. Simi
larly, for the lean stream two parallel vertical lines signify its supply
and target compositions.

2.4. Exchanger line slope and its limitations
On the plot ΔC-xeqv., rich streams are plotted through inclined 45◦
straight line, while lean streams (process and external) are drawn as
vertical lines. Each rich stream is described by an upper line for supply
composition (ysupply), and lower line for target composition (ytarget).
Similarly, each lean stream is plotted by one left line for supply equiv
alent composition (xsupply
eqv. ), and another right line for target equivalent
composition (xtarget
eqv. ).
Considering a mass exchange unit transferring a constant mass load
∆M between rich and lean streams having flow rates G and L, respec
tively. Therefore, each exchanger can be illustrated by a straight line
in
drawn between (xout
eqv., ∆Crich) and (xeqv., ∆Clean).
The slope of the exchanger line is determined by applying a simple
mass balance on the exchanger unit. It is represented as the ratio be
tween the driving force difference and the difference in the lean
composition within the exchanger unit. The mass load integrated within
an exchanger unit is expressed in Eq. (12) and (13).
(
)
(12)
ΔM = G yin − yout = GΔy

2.2. Features of the CDF graphical approach
The new CDF graphical approach depicts a visual evaluation and
assessment for the performance of either an existing mass networks or
new ones. The dimension introduced in the new graphical approach
describing the composition driving force emphasizes its importance not
only in being the main motive for mass transfer from rich to lean
streams, but also it is involved in sizing the mass exchangers. The new
approach has some design aspects that will ensure maximum mass re
covery and features minimum utility targets as discussed in this section
as follows:
2.3. Feasible design regions
The Pinch points and the datum line (ΔCmin. = -mε) identifies some
distinguishing regions that will divide MENs design as in Fig. 3. This
line, is equivalent to the prevailing equilibrium relation encountered
between rich and lean streams. So, it verifies the thermodynamic limi
tations in mass transfer operations. Thus, below this datum line, the
presence of any mass unit is impossible because the rich streams would
contain less targeted materials than the lean streams do. Therefore, mass
cannot be exchanged within this region (region 5). Therefore, four
characteristic regions are distinguished to be positioned above the
datum line (ΔCmin. = -mε) that express feasible mass transfer between
rich and lean streams (process or external). The Pinch Analysis basics are
considered while applying the new graphical demonstration to split the
graph into five regions each one verifies a particular place of a set of
matches within the network, as follows:

(
)
ΔM = L xout − xin = LΔx

(13)

Assuming constant mass load transferred along the exchanger unit, a
relation between the flow rates and the composition difference elabo
rated from Eq. (12) and (13) is expressed in Eq. (14):
Δy/Δx = L/G

(14)

In CDF graph, the x-axis represents the equivalent lean stream
compositions. So, Eq. (13) is modified to match the new axis and cor
relates ∆M with xeqv. as shown in Eq. (15) to (19):
xin eqv. = mxin + mε

(15)

and

- Region 1 – “Below Pinch”: the external mass separating agents are
permitted to be used in this region. Formerly, any extra mass exists in
rich streams are to be transferred to external mass utilities.

xout eqv. = mxout + mε
Therefore,
98
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3. Results and discussion
3.1. Graphical design using CDF - Construction of MENs
Mass exchanging network is the final integrated form for all feasible
mass exchangers provided for the process. Definitely, the graphical
approach would have a special nature in expressing the process condi
tions and evaluating its performance. The basic design concepts of Pinch
Analysis are simply explained and merged with the new graphical
method to reach the Mass Integration targets. Applying these con
structing guidelines on CDF plot gives graphical insights for the exit
compositions, driving forces, number of transfer units and mass flow
rates of the external MSAs required. MENs revamping will witness po
tential amendments to maximize the mass efficiency as verified by Pinch
Analysis (Linnhoff, 1982). The design methodology follows 2-stage
design procedures, one for designing the network above the Pinch and
the second is below. As mentioned above, the Pinch compositions are
pre-determined from standard Pinch diagrams (El-Halwagi, 2012)and
then embedded into the graphical design procedure. Fig. 4 explains
schematically the 2 stages. In order to construct this network on CDF
plot, the plot area is better divided into two main divisions; above the
Pinch point and below the Pinch point according to the following sys
tematic procedures:
MEN design above the PPPPinch:
If process lean streams are available, the first mass exchanger will
start from the point of intersection of Pinch points within the feasible
mass exchange area above the Pinch. Having the flow rates of both
streams determined, the slope of this exchanger line can be then
calculated. The exchanger line is now extended from its starting point
with its slope to reach either ytarget and/or xtarget, reaching the targeted
composition of either the rich or the lean stream, continuously led to
intersecting the other stream lean/rich at an intermediate composition.
The slope of the line controls its destination to hit the target composition
of either the rich or the lean stream. The intermediate composition of the
other stream defines the new beginning for the subsequent exchanger to
synthesize the network above the Pinch. Mass loads exceeding in process
lean streams should be disposed.
MEN design below the Pinch:
If process lean streams are available below the Pinch, the first mass
exchanger will start from the point of intersection of the two Pinch
points within the feasible mass exchange region below the Pinch. This
indicates the starting point of the exchanger line. The flow rates of both
streams are available and given, the slope of the line can be then
calculated. If no process lean streams are available below the Pinch,
hence the one and only choice here is to integrate the process rich
streams with the external mass separating agents. The synthesis of the
network with the first exchanger line would start from the intersection
point of the process rich Pinch point and the targeted composition of the
available MSA within the feasible mass exchange area below the Pinch.
In this case the end point of the exchanger line is defined to be the
intersection between the supply lean composition for this particular
MSA and the targeted composition of the rich stream. The subsequent
exchanger will continue after the first exchanger line, as shown in Fig. 4.
The above construction guidelines are developed based mainly on
two assumptions:

Fig. 4. Construction of MEN on CDF plot.

Δxeqv. = mΔx

(17)

ΔM = (L / m)Δx

(18)

Let L’=L/m, therefore;
ΔM = L′ Δxeqv

(19)

The slope of the exchanger line is then calculated from Eq. (20) as:
(
)/
)
(
/
(20)
S = (Δy / Δx) = Δy − Δxeqv Δxeqv = Δy Δxeqv − 1
An expression for the slope of the exchanger line on the CDF plot can
be finally expressed in Eq. (21) as follows:
S = (L′ /G) − 1

(21)

Finally, the slope of the exchanger line from the CDF will be related
to the flow rates of both rich and lean streams. Hence the slope of the
line is an indicative visual tool that gives some useful information about
this exchanger match and its streams’ flow rates. MEN analysis and
performance evaluation are then established for different slope sce
narios as will be discussed below:

1 The rich stream supply composition lies over the Pinch point and its
target composition lies below the Pinch.
2 The supply and target compositions of the external mass separating
agents lied entirely either above the Pinch or below the Pinch.
Any deviation from these assumptions would encounter a significant
change in the process and consequently affect the starting point of the
exchanger line and hence change the MEN representation. For example,
below the Pinch, if the supply composition of the rich stream exists
below the Pinch, the starting point of the first exchanger would be the

Fig. 5. Number of plates graphically from CDF plot.
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Table 1
Rich and lean streams data for the fuel processing facility.
Stream

Description

Flow rate (kg/s)

Supply comp. (ppmw)

Target comp. (ppmw)

mj

εjppmw

Cj$/kg MSA

R1
S1
S2
S3
S4

Aqueous layer from decanter
Flare gas stream
Solvent extractant
Adsorbent
Stripping agent

0.2
0.15
∞
∞
∞

500
200
300
10
20

50
900
1000
200
600

–
0.5
1.0
0.8
0.2

–
200
100
50
50

–
–
0.001
0.020
0.040

intersection of ysupply and xtarget.
eqv. Similarly, if the targeted composition of
the lean stream lied above the Pinch, whether its supply composition
below the Pinch, the start point of the exchanger line for the network
below the Pinch would be the intersection between the Pinch points of
both rich and lean streams.
The procedures illustrated above can be applied to any Mass Inte
gration problem to synthesis and construct a feasible mass network,
knowing the data of rich and lean streams available with constant ε.
It is worth-mentioning that along the application of the graphical
procedure for MEN design, the principles of Pinch Analysis are applied.
Thus, this feature ensures the achievement of Mass Integration targets
for maximum mass recovery.

mass exchanger, as well as it provides the maximum mass recovery
network, and features minimum utility targets.
Due to the graphical nature of the new approach, quick decisions for
the process evaluation and analysis regarding the mass network design
without further calculations are obtained only by considering the loca
tion, the length, and the slope of the exchanger line. The CDF approach
can simply assess and study the performance of MENs demonstrated on
its plot according to the Pinch Analysis rules. For example, the slope of
the exchanger line is not only a value read from the graph, but also in
dicates the limited flow rate from rich or lean stream that will control
the process, as well as the intermediate compositions. Similarly, the
length of the exchanger line is directly related to the amount of mass
load transferred within this exchanger match.
The new graphical methodology can achieve maximum lean target
composition (xtarget
eqv. ) within the exchanger for the same rich stream with
rich supply composition (ysupply). As well, maximum rich target
composition (ytarget) within the exchanger can be achieved for the same
lean stream with lean supply composition (xsupply
eqv. ), i.e. maximum tar
geted compositions for both rich and lean streams to be reached without
violating the Pinch principles.
Finally, CDF approach is considered as a comprehensive visual tool
for expressing MEN, as it gives three main information at each point:
CDF, rich and lean compositions.
The approach provides an insight for the required mass transfer units
for a certain MEN based on the location of the exchangers, with respect
to ΔCmin. line and their relative length. For exchanger matches having
the same length, the closer the line of exchanger to ΔCmin datum line, the
greater the number of trays required.
Moreover, it highlights the feasible design regions to perfectly locate
the exchangers with minimum mass losses and minimum cost. External
MSAs are only permitted while designing Mass exchangers below the
Pinch within region 1. Similarly, any extra loads from process lean
streams should be disposed as a waste above the Pinch within region 3.
Ignoring any of the stated graphical approach limitations within the
feasible design regions, would increase the required number of plates
that would consequently increase the total cost and will not achieve the
maximum mass recovery within the two streams.

3.2. Number of plates
The main aim of this study is to graphically determine the number of
mass transfer units that determines the size of the mass exchanger. The
mass exchange operating lines are represented by the exchanger lines in
this graphical approach. The linearized equilibrium relation between
rich and lean streams is represented by the datum line ∆Cmin.= -mε.
Stepping the transfer units between the rich and lean ends and the line
∆Cmin.= -mε can simply be used to determine the number of theoretical
plates (NTP), as illustrated in Fig. 5. Kremser’s correlation (Eq. (22)) for
isothermal dilute mass exchange with linear equilibrium relation can be
used to determine the number of theoretical plates (El-Halwagi, 2012):
[
(
)
/ ]
in
in − b
ln (1 − mG/L) yyout−− mx
+ mG L
mxin − b
NTP =
(22)
ln(L/mG)
Eq. (22) is adjusted, where the line slope and composition driving
force are used to be easily applied in the new graphical approach. This is
clarified in Eq. (23):
[ (
)
]
S Δy
1
ln S+1
+
S
+
1
ΔCLean +mє
NTP =
(23)
ln(S + 1)
Where S is the slope of the exchanger line on the Composition Driving
Force plot and ∆Clean is the lean end composition driving force.
To get the number of transfer units graphically, a vertical line is
dragged from the operating line (represented by the exchanger line) to
the linearized equilibrium line represented by the datum line (∆Cmin.=
-mε). Then this vertical line is drawn parallel to rich stream composi
tions (i.e. 45◦ lines), and then back downward to the operating line.
Those steps are repeated till the operating line ends as illustrated in
Fig. 5.

4. Illustrative case study- Scrap tires into fuel processing facility
The main objective for the design of new MENs, or even its analysis,
using the new graphical approach, is extended to acquire a design that
provides all the required information for perfect evaluation of MENs
performance, with respect to Pinch Analysis principles. The case study
provided concerned with the grassroots design of the MEN.
The new graphical approach is applied to design, investigate and
analyze the selection of a perfect match within multiple preferences. The
processing facility originally reported by (El-Halwagi, 2012).The design
objective is to investigate the feasibility and legibility of reducing the
organic content discharged with the wastewater stream R1 while
considering the process lean stream S1 and the external mass separating
agent S2, S3 and S4.
Problem basic data
The case study is for a processing facility which converts scrap tires
into fuel via pyrolysis. The facility contains one rich stream R1 and one
process lean stream S1. Also three external mass separating agents S2, S3

3.3. Merits of CDF graphical approach
The new CDF graphical approach provides a good visualization for
analyzing the amounts of external MSA consumed and the mass load
integrated within the network. The choice of representing the compo
sition driving force in this approach returns to its great importance in
mass transfer operations. Composition driving force is not only the main
motive to transfer the targeted materials from rich stream to lean
stream, but also is involved in the calculation of the number of transfer
units. As mentioned before, the number of plates is used in sizing the
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Fig. 6. Rich and lean streams plot on the new axes.

Fig. 7. First match mass network for the pyrolysis process on CDF plot.

and S4 are available. The organic layer decanted from the condensate is
mixed with the liquid wastewater stream R1 and the process lean stream
is a flare gas S1. The external MSAs are S2 (extracting solvent), S3
(adsorbent), and S4 (stripping agent). The organic layer is the material to
be released from R1 prior to discharge. The data for the wastewater
stream and the lean streams are given in Table 1.
The equilibrium data for the transfer of the pollutant from the waste
stream to any of the four lean streams as well as their costs are also
reported in Table 1.
Pinch diagram is developed in this case following the procedures
described by (El-Halwagi, 2012). The process Pinch point found to be
200 ppmw. This Pinch point is demonstrated on the new graphical
approach along with the rest of streams. All streams are represented and
plotted in the terms of the equivalent composition of the lean streams as
well as the minimum ∆C to express the equilibrium line for each lean
stream.
R1 can integrate mass with S1 only above the Pinch. Similarly, it can
be concluded that R1 is satisfied by S1, and the remaining load of S1 will
be disposed to the environment. Above the Pinch S1 and S2 are available,

however below the Pinch the EMSAs available are S3 and S4.
Proposed solution strategy
As illustrated in Fig. 6, above the Pinch both S1 and S2 are available
to integrate mass with R1, while S3 and S4 are available below the Pinch.
Hence, four possible mass exchanger matches are generated as follows:
First mass exchanger match mx1
This exchanger line integrates mass between R1 and S1 above the
Pinch. The design of mx1 starts at the intersection point of process Pinch
points because S1 starts at the Pinch (xeqv.pinch). The slope of the
exchanger line is defined from the flow rates of lean and rich streams to
result 0.5 for mx1. Once, the line is constructed knowing its starting
point and slope, it is extended to reach either Rsupply
or Stareget.
According
1
1
supply.
to the line slope, it will hit R1
The intermediate lean stream
composition for S1 is equivalent to 400 ppmw; see Fig. 7. The physical
significance of this point is that the process lean stream S1 can remove all
the mass load of benzene present in the process rich stream R1 without
consuming or making use of the whole process lean stream S1. The mass
exchanger unit, mx1, is thermodynamically feasible and is designed
within the feasible design region 3.
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Fig. 8. Second match mass network design for the pyrolysis process on CDF.
Table 2
First and second match design summary table.
yin
yout
xin
eqv
xout
eqv
L(kg/s)
G (kg/s)
ΔM
S
ΔCrich
ΔClean
M

ε

Table 3
Comparison between mx3 and mx4.

mx1 (R1/S1)

mx3 (R1/S3)

mx4 (R1/S4)

500
200
200
400
0.15
0.2
60
0.5
100
0
0.5
200

200
50
48
200
0.1579
0.2
30
− 0.01316
0
2
0.8
50

200
50
14
130
0.051724
0.2
30
0.2931
70
36
0.2
50

Length (θ)
Slope (S)
Flow rate (L)
Cost (C) $/sec.
NTP

mx3 (R1/S3)

mx4 (R1/S4)

152
− 0.01316
0.1579
0.003158
3.85

121
0.2931
0.051724
0.002067
2.5

by employing the visual analysis to evaluate the alternatives, as well as it
is used in sizing the exchanger unit by counting the number of stages
required.
First match (R1/S1) and (R1/S3)
Above the Pinch, the only possible viable mass exchanger is devel
oped to integrate mass between R1 and S1 within the exchanger mx1.
However, below the Pinch mass is integrated between R1 and S3 within
mx3. This match results in the MEN shown in Fig. 7. Table 2 summarizes
the exchanger network data for both mx1 and mx3.
Second match (R1/S1) and (R1/S4)
For this match, above the Pinch mx1 integrates mass between R1 and
S1. However, below the Pinch mass is integrated between R1 and S4
within mx4. This match results in the MEN shown in Fig. 8. Table 2
summarizes the exchanger network design results for both mx1 and mx4.
Preferences data analysis
Analysis and comparison between both matches will be particularly
important to mx3 and mx4 as for both matches mx1 integrates mass
above the Pinch. The comparison considered four main judgmental
parameters in the new graphical approach; slope, flow rate, cost and
number of plates. The cost of the candidate MSA is given previously in
Table 1. However, this cost must be multiplied by the flow rate of each
MSA to obtain the final cost. Table 3 illustrates the calculated parame
ters with respect to mx3 and mx4 as well as the final cost required for S3
and S4.
As shown above, using S4 in the network instead of S3 will attain
optimized design for its merits. First, the length of mx4 is smaller than
that of mx3. Consequently, the flow rate required from S4 to exchange
same amount of mass load will be smaller than that of S3. Second, the
greater the flow rate is the higher the cost of the MSA. Finally, when
counting the number of stages for each exchanger, the number of plates
required in mx3 using the adsorbent is greater than the number of plates
required in mx4 using the stripping agent for integrating same mass load
below the Pinch. As a conclusion from the previous discussion, using

Second mass exchanger match mx3
This exchanger line integrates mass between R1 and S3 below the
Pinch. The design starts at the intersection of process Pinch points and is
and Ssupply
to
extended till hitting the intersection point between Rtarget
1
3
represent the end point of the exchanger line as in Fig. 7. The slope of the
line is calculated so as to determine the minimum load required from the
external MSA, S3. The equilibrium line for the prevailing relation be
tween these two streams is extended at ΔCmin= -mε = − 50. The mass
exchanger unit mx3 is thermodynamically feasible. Hence, the line mx3
is designed within the feasible design region 1.
Third mass exchanger mx4
This exchanger line integrates mass between R1 and S4 below the
Pinch. Since the supply composition of S4 lies below the Pinch point, the
design of mx4 starts at the intersection of ypinch and Ssupply.
The line of
4
and
this exchanger is extended till it hits the intersection between Rtarget
1
Ssupply
to define its end point (see Fig. 8). The datum line expressing the
4
equilibrium relation is extended at ΔCmin= -mε = − 10. The mass
exchanger unit mx4 is thermodynamically feasible and designed within
the feasible design region 1.
Results for network design
All possible mass exchangers proposed in the solution strategy reveal
two possible matches for constructing the mass exchanging network for
this process. However, the preference of a match over the other is
investigated and analyzed to select the perfect match. There is no basis
for comparison between the results obtained for the network design
using this approach and those obtained by the original authors. The CDF
plot for this Mass Integration problem governs maximum mass recovery
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Fig. 9. Process flow sheet after mass integration diagram for the second match.

mx4 to integrate mass below the Pinch (second match) is highly rec
ommended for its design benefits. This result in particular was previ
ously expected from the graph in Fig. 8 as the vertical distance between
the exchanger line mx3 and its equilibrium line (ΔCmin3) is narrower
than the vertical distance between the exchanger line mx4 and its
equilibrium line (ΔCmin4). This result elaborates the significance of the
new graphical approach using CDF as a great tool to visualize the pro
cess, besides evaluating the performance of each possible match in the
process to perfectly select the best match. The process block diagram
after implementing the designed network within the whole process is
shown in Fig. 9. As demonstrated in Fig. 9, the wastes disposed to the
atmosphere were reduced by 60%. The original discarded waste amount
before Mass Integration was 53 kg/s but after integration it is reduced to
23 kg/s.

(S1), while the second one will integrate mass between R1 and the
stripping agent (S4). The total mass transferred within this network is 90
kg/s, and the number of plates required will be 2.2 and 2.5 for mx1 and
mx4 respectively. The amount required from the stripping agent was
determined to be 0.052 kg/s.
The potential for further contributions of more complicated net
works for better understanding and investigation is to be presented in
future researches. The case studies illustrated provide graphical insights
based on the systematic procedures and the design characteristics
introduced by the CDF graphical approach.
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5. Conclusion
The new graphical concept introduced in CDF graphs described a
detailed analysis for existing mass networks as well as designing new
MENs. The fundamentals of the Pinch principles are embedded to
establish feasible mass exchangers units within the new plots. The three
dimensional plot expresses the mass recovery systems via two axes; the
difference in compositions between rich and lean streams against the
equivalent lean streams’ compositions. For a given mass exchanger unit,
compositions of rich and lean streams, driving forces at both ends,
number of plates, slope of the lines, along with its all possible matches
are all considered in the graphical demonstration. The new CDF
graphical approach provides visual evaluation for Mass Integration
analysis problems and design perceptions; however, it cannot be used
for targeting. The composition driving force graph offer a comprehen
sive assessment regarding the mass network design by considering the
location, the length and the slope of the exchanger. It governs maximum
Mass Integration target compositions, minimum amounts of external
MSAs and maximum mass loads to be integrated within the exchanger
unit. Due to the graphical nature of this approach, distinctive design
regions are featured, with respect to the datum lines defined, to perfectly
locate the exchanger unit with minimum mass losses, minimum cost and
optimum number of transfer units. The interpretation of MENs synthesis
within the new graphical representation can be academically practiced
for its simplicity.
For the scrap tires facility, the resulted network design includes two
mass exchanging units; the first mass exchanger will integrate mass
between the aqueous layer from decanter (R1) and the flare gas stream
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